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 ABSTRACT 
 This study investigated the accuracies of imputation 
from 50K genotypes to high-density genotypes for ani-
mals from the Danish, Swedish, or Finnish Red dairy 
cattle populations, using either a national, combined 
Red, or combined Red and Holstein reference popula-
tion. Combining the Red populations increased the im-
putation accuracy for all 3 populations compared with 
using single-nationality references. Including Holstein 
animals in the reference further increased the imputa-
tion accuracy for Danish Red. 
 Key words:   genotype imputation ,  combined reference 
population 
 Short Communication 
 The new high-density (HD) SNP marker panel 
(777K) from Illumina Inc. (San Diego, CA) is expected 
to yield higher reliabilities in genomic prediction and 
higher precision in mapping of QTL than the lower 
density SNP marker panel. Because it is not economi-
cally feasible to genotype all animals of interest with 
an HD marker panel, an efficient approach to obtain 
HD marker data is to extend lower density marker 
data to HD marker data by using statistical models 
to impute the missing markers. With imputed data, 
a risk of errors exists, and these errors are known to 
reduce the power in genome-wide association studies 
(Huang et al., 2009b) and the reliability of genomic 
predictions (Weigel et al., 2010; Dassonneville et al., 
2011a; Mulder et al., 2012). Therefore, the accuracy 
of the imputation method is an important issue in 
genome-wide association studies and genomic predic-
tions. Accurate imputation depends not only on the 
statistical model, but also on the strategy for using 
the available data. Previous results have shown that 
the accuracy is higher when the imputations are done 
within breed than across breeds (Hayes et al., 2012). 
These results were, however, obtained using data from 
an SNP marker panel with lower marker density (impu-
tation from 5K to 50K in sheep), for which the correla-
tion of the linkage disequilibrium (LD) phase between 
breeds might be low. For the new HD chip, however, 
the marker density is 14-fold higher than that of the 
previous 50K chip, which means that the correlation of 
the LD phase is much higher even across breeds. For 
example, the correlation of the pairwise LD of adjacent 
markers between Nordic Holstein and Nordic Red dairy 
cattle (RDC) increases from 0.782 for markers in the 
50K chip to 0.967 in the 777K chip (G. Su, unpublished 
data). A previous study showed that higher imputation 
accuracies were obtained in most human populations 
when a mixture of HapMap reference panels was used 
compared with a single Hapmap reference, when im-
puting missing markers on an SNP marker panel at a 
density slightly lower than that of the BovineHD (15% 
missing in 500K; Huang et al., 2009a). 
 In a previous study on the reliability of genomic pre-
dictions in the RDC populations, the reliability has been 
shown to increase when using pooled reference data 
from the 3 Red populations (Brøndum et al., 2011). 
The reliability of genomic predictions across popula-
tions is highly affected by the LD and persistence of the 
LD phase between populations. The same holds true 
for the accuracy of imputation, and it can therefore be 
expected that the accuracy of imputed markers in the 
RDC populations also will increase when the genotype 
data from the 3 populations are pooled. 
 Previous attempts to combine reference populations 
from RDC with Holstein cattle for genomic prediction 
showed a slight increase in the reliability of genomic 
prediction for some traits (G. Su, unpublished data). 
Because some Holstein bulls have previously been used 
in the breeding program for Danish Red cattle, includ-
ing Holstein bulls in the reference for imputation might 
offer improved accuracy. The purpose of this study was 
to investigate the effect of combining reference popula-
tions when imputing markers from a 50K marker panel 
to an HD marker panel for RDC and Holstein cattle. 
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Data
The HD genotype data obtained using the Illumina 
777K BovineHD genotype chip was available for 706 
RDC bulls (247 Danish, 210 Swedish, and 249 Finnish) 
and 546 Holstein bulls from the Eurogenomics collabo-
ration (Lund et al., 2011). Quality control consisted 
of removing markers with a call frequency less than 
0.95, monomorphic markers, and markers without a 
map position. After quality control, 612,615 SNP on 
chromosomes 1 to 29 remained for analysis in the RDC 
populations, and 605,728 remained for the Holsteins.
Methods
To investigate whether a combined multipopulation 
(RDC) or multibreed (RDC + Holstein) reference data 
set could increase the imputation accuracy, each of the 
RDC populations was imputed by using either national 
reference data or the combined RDC data. A combined 
Swedish-Finnish reference was also attempted because 
the genetic links between these 2 populations are stron-
ger than the genetic links between them and the Danish 
Red (Brøndum et al., 2011). Finally, imputation using 
a multibreed reference including both RDC and Euro-
pean Holsteins was investigated.
Fifty bulls from each of the Danish, Swedish, and 
Finish populations and 100 Holstein bulls were ran-
domly selected for validation, with the requirement 
that they did not have sons in the reference. For valida-
tion bulls, markers in the HD data that were not on 
the 50K chip were deleted. This also removed approxi-
mately 4,000 markers from the 50K chip that were not 
included on the HD chip. The procedure left 39,239 
markers in the validation set for the RDC populations 
and 42,107 markers for the Holstein validation animals. 
The deleted markers were then imputed using Beagle 
software v. 3.3 (Browning and Browning, 2009). Beagle 
was run with the default scale and shift parameters; 
no information on the relationships between individuals 
was provided, and the outputs used for further analysis 
were the most probable genotypes.
Imputation accuracy was measured by the mean 
allele error rates (i.e., the number of falsely imputed 
alleles divided by the total number of imputed alleles) 
and by the mean correlation of true and imputed 
genotypes. Allele error rates were averaged across all 
loci and animals within each validation population, 
and correlations were calculated at each locus for each 
validation population and then averaged across loci. 
Markers that were missing in the true genotype data 
were disregarded when calculating the error rates and 
correlations.
Results and Discussion
Table 1 shows the imputation accuracies for the 3 
RDC populations when using different combinations of 
the 3 as references. The results clearly demonstrated 
that using the full RDC reference was superior to 
using the single-nationality references. The gain was 
larger for the Danish and Swedish animals than for 
the Finnish animals, and compared with using only a 
Swedish-Finnish reference, the Finnish animals did not 
achieve any extra gain by including Danish animals in 
the reference. The patterns were similar to those of the 
genomic predictions in Brøndum et al. (2011), in which 
using a combined RDC reference population yielded an 
improvement in the reliability of genomic predictions 
for all 3 RDC populations compared with using single-
nationality reference populations, and the reliabilities 
of Swedish and Finnish animals did not increase by in-
cluding Danish animals in the reference, compared with 
using a Swedish-Finnish reference. These similar pat-
terns of imputation accuracy and reliability of genomic 
prediction were likely due to the stronger genetic links 
between the Finnish and Swedish RDC populations 
and the weaker links between these 2 populations and 
Table 1. Mean allele error rate and standard deviation (in parentheses) across animals, and mean correlation 
between true and imputed genotypes (R) when using single- or multipopulation references for Danish Red 
(RDM), Swedish Red (SRB), Finnish Ayrshire (FAY), and all Nordic Red (RDC) animals 
Reference
Reference  
(no.) Validation
Validation  
(no.) Error rate R
RDM 197 RDM 50 2.64 (2.43) 0.925
SRB 160 SRB 50 1.39 (1.42) 0.958
FAY 199 FAY 50 0.87 (0.58) 0.973
RDC 556 RDM 50 1.75 (1.84) 0.950
  SRB 50 0.59 (0.29) 0.982
  FAY 50 0.54 (0.30) 0.983
  RDC 150 0.96 (1.22) 0.971
SRB + FAY 359 SRB 50 0.96 (1.31) 0.971
  FAY 50 0.54 (0.31) 0.983
  SRB + FAY 100 0.75 (0.97) 0.976
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the Danish RDC population, as mentioned in Brøndum 
et al. (2011).
In addition, the results in the current study show that 
Danish animals had a higher mean error rate (Table 1) 
and a larger variation in the error rates between ani-
mals (Figure 1) than the Swedish and Finnish animals. 
We observed that mainly 10 animals with a very high 
error rate caused the high mean error rate for Danish 
Red animals.
The accuracy of imputation is known to be affected 
by the relationship between the validation and reference 
populations (Zhang and Druet, 2010; Dassonneville et 
al., 2011b; Mulder et al., 2012); that is, inclusion of the 
sire in the reference reduces the error rate. As shown 
in Table 2, imputation accuracy for the animals with 
their sires in the reference population was lower than 
for those without their sires in the reference population. 
The Danish animals had a higher proportion of animals 
without their sires in the reference compared with the 
other 2 (Table 2), but even though some animals in the 
Finnish or Swedish data did not have their sires in the 
reference, the ranges in error rates were not as large 
as in the Danish data. For the Danish animals, several 
sires from different breeds had previously been used in 
the breeding programs. Figure 2 shows the mean breed 
proportions for the Danish animals with high and low 
error rates, here defined as above or below 2.5%, and 
the mean breed proportions in the reference used for 
imputation. The animals with a higher error rate had 
a high proportion of Holstein genetics, which suggests 
that including the HD-genotyped Holstein animals in 
the reference might improve the imputation accuracy.
Table 3 shows the imputation accuracies for RDC 
and Holstein animals with single- or multibreed refer-
ences. When the Holstein animals were included in the 
reference, the mean error rate for the Danish animals 
was reduced, whereas almost no change was seen for 
the Finnish and Swedish animals. For the Holstein 
animals, a small decrease in error rate was also seen 
when using the multibreed reference. For the Swedish 
and Finnish animals, this meant that even though the 
reference used for imputation in the combined RDC-
Holstein setup was doubled, no extra gain in accuracy 
was obtained compared with using the RDC reference. 
We concluded that a larger reference did not increase 
imputation accuracy if the genetic links between the 
added animals and the target population were weak.
Figure 3 shows error rates for individual RDC animals 
with versus without the inclusion of Holstein animals 
in the reference. Among the 10 Danish animals that 
had a high error rate when using the RDC reference, 
7 animals had a greatly reduced error rate when using 
the combined RDC-Holstein reference. Only 3 of these 
7 animals now had their sire in the reference, which 
meant that the reduced error rates for the other 4 were 
most likely due to haplotypes obtained from the general 
Holstein population. Of the 10 animals, only 3 seemed 
unaffected by the inclusion of Holsteins. Investigation 
of the breed proportions for these 3 animals showed 
that they had a high proportion of German Red cattle, 
which were not present in the reference. For all other 
RDC animals, little or no change in error rate occurred 
by including Holsteins in the reference.
An interesting question is whether including Holstein 
animals in the reference improves the imputation accu-
racy for all loci or only on average. Figure 4 shows the 
error rates for all RDC validation animals calculated 
Figure 1. Imputation error rates for Danish (DNK; circles), 
Finnish (FIN; triangles), and Swedish (SWE; plus signs) animals.
Table 2. Mean allele error rate and standard deviation (in parentheses) across animals, and mean correlation between true and imputed 
genotypes (R) for Danish Red (RDM), Swedish Red (SRB), and Finnish Ayrshire (FAY) validation animals with or without their sires in the 
Nordic Red imputation reference 
Item
RDM SRB FAY
No. Error rate R No. Error rate R No. Error rate R
Sire in reference 24 0.85 (0.67) 0.977  39 0.49 (0.18) 0.986  36 0.46 (0.18) 0.987
Sire not in reference 26 2.58 (2.16) 0.931  11 0.94 (0.40) 0.976  14 0.76 (0.40) 0.980
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at each imputed locus on chromosome 1 when using a 
reference of only RDC animals compared with a refer-
ence of RDC and Holstein animals. It can be seen that 
with the multibreed reference, a tendency toward lower 
error rates existed for most loci, but some loci did have 
higher error rates (left panel of Figure 4). To inves-
Figure 2. Mean breed proportions for Danish Red animals with an error rate above or below 2.5% and mean breed proportions for the Nordic 
Red reference animals. Breeds are abbreviated as follows: Danish Red (RDM), Finnish Ayrshires (FAY), Swedish Red (SRB), Norwegian Red 
(NRF), American Brown Swiss (BSWUSA), Holstein-Friesian (HF), Red Holstein (REDWHITE), Canadian Ayrshires (CAY), and German Red 
(ANGLER).
Table 3. Mean allele error rate and standard deviation (in parentheses) across animals, and mean correlation 
between true and imputed genotypes (R) for Holstein (HOL), Danish Red (RDM), Swedish Red (SRB), 
Finnish Ayrshire (FAY), and all Nordic Red (RDC) animals using a single- or multibreed reference 
Reference
Reference  
(no.) Test
Validation  
(no.) Error rate R
HOL 457 HOL 100 0.77 (0.61) 0.975
RDC 556 RDM 50 1.75 (1.84) 0.950
  SRB 50 0.59 (0.29) 0.982
  FAY 50 0.54 (0.30) 0.983
  RDC 150 0.96 (1.22) 0.971
HOL + RDC 1,013 HOL 100 0.68 (0.52) 0.977
  RDM 50 1.17 (1.35) 0.967
  SRB 50 0.60 (0.29) 0.982
  FAY 50 0.55 (0.28) 0.983
  RDC 150 0.77 (0.85) 0.977
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tigate whether the combined RDC-Holstein reference 
improved imputation accuracy when only minor alleles 
were considered (alleles with a frequency of less than 
0.5), the imputation error rate based on minor alleles 
was calculated. As shown in the right panel of Figure 4, 
small gains in accuracy were still seen on average when 
using the combined RDC-Holstein reference. However, 
some rare alleles that were imputed correctly when us-
ing only the RDC reference were incorrectly imputed 
with the inclusion of Holstein in the reference. This 
was likely caused by differences in allele frequencies be-
tween the breeds in the reference, which would change 
the probability of imputing the alleles.
Summarizing the imputation accuracy in intervals 
of minor allele frequency as shown in Figure 5 gave 
a clearer pattern than is shown in Figure 4. For both 
the entire RDC validation group and only Danish Red, 
increases in both the allele correct rate (1 − error 
rate) and the correlation between true and imputed 
genotypes were seen for all bins when Holstein animals 
were included in the imputation reference. For Swedish 
Red and Finnish Ayrshires, however, very little differ-
ence was seen in the 2 scenarios, and a small tendency 
existed for the imputation accuracy to decrease in 
bins with a low minor allele frequency when Holstein 
animals were included in the reference. Figure 4 also 
shows that using the allele error rate as a measure of 
imputation accuracy hid the difficulty of imputing rare 
alleles, whereas the correlation between true and im-
puted genotypes clearly decreased for the markers with 
low minor allele frequency values. A similar trend was 
found in Hickey et al. (2012).
Results in this study are in line with similar stud-
ies on imputation from 50K to HD marker data in 
dairy cattle. For Australian Holsteins, Erbe et al. 
(2012) found that the percentage of correctly imputed 
Figure 3. Error rates per animal using a pure Nordic Red (RDC) 
reference versus a Holstein (HOL) + RDC reference for Danish (cir-
cles), Finnish (triangles), and Swedish (plus signs) animals.
Figure 4. Mean error rates for each locus on chromosome 1 for Nordic Red (RDC) validation animals with an RDC reference versus a 
Holstein (HOL) + RDC reference, and error rates for the minor allele at each locus on chromosome 1 for all RDC validation animals with the 
RDC reference compared with the HOL + RDC reference.
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genotypes was 98%, which corresponded to an allele 
error rate of about 1%. Accuracies found here were 
higher than those found when imputing from 3K to 
50K marker panels in dairy cattle (Weigel et al., 2010; 
Dassonneville et al., 2011b; Mulder et al., 2012). This 
increase in accuracy was caused by the stronger LD on 
the marker panel for the validation animals (50K vs. 
3K/6K) as well as the stronger LD in the reference.
In summary, results from the study showed that 
when imputing from a 50K SNP marker panel to an 
HD SNP marker panel in the RDC populations, us-
ing a combined RDC reference gave a higher accuracy 
of imputation than using single-nationality references. 
Adding Holstein bulls to the reference led to further 
improvement of imputation for Danish Red animals, 
but not for Swedish and Finnish animals. This indicates 
that the multibreed reference is helpful when genetic 
links between the breeds are strong.
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